Introduction
Spontaneous intracerebral haemorrhage (ICH) represents 10-20% of all strokes, but the neurological outcome is much worse and mortality rates are higher than that of ischaemic stroke (1) . Once the haematoma forms there is immediate injury to the brain parenchyma where the clot is located (2) . Treatment of patients has been focused on prevention of expansion of the clot with medical management, or possibly consideration of surgical removal of the haematoma if there is progressive neurological deterioration or if the clot is superficially located (1) . As with other conditions causing sudden loss of neurological function due to the destruction of cerebral tissue, research in recent years has concentrated on the brain's intrinsic, albeit limited, ability to restore lost cells and lost function (3, 4) .
Neurorestorative therapies including statins, marrow stromal cells and other pharmacologic agents such as erythropoietin (EPO) have been used successfully to treat experimental conditions of ischaemic stroke and traumatic brain injury (TBI) with observed increases in neurogenesis and improved functional recovery (5) (6) (7) . These compounds may act via different mechanistic pathways, but the end result is a cellular and extracellular environment more conducive for neural recovery. Endogenous pluripotent cells from the subventricular zone (SVZ) are part of the neuroregenerative process (8, 9) . Erythropoietin is a naturally occurring hormone which increases red blood cell production, but also has neuroprotective properties as it can attenuate the insults of hypoxia, excess glutamate, tissue nitric oxide, inflammation and apoptosis (3) . In this study, we test the hypothesis that EPO, which has shown neurorestorative effects after cerebral ischaemia, spinal cord injury and TBI, will improve functional outcome after ICH and have a measurable positive effect on the histological signs of neurogenesis in the perihaematomal and subventricular regions.
Experimental procedures

Animals and reagents
Adult male Wistar rats were purchased from the Jackson Laboratory (Bar Harbor, ME). Animal studies were performed according to the guidelines of the Institutional Animal Care and Use Committee of Henry Ford Health System. Recombinant human erythropoietin (rhEPO) was provided by Amgen Inc. (Thousand Oaks, CA). 5 0 -bromo-2 0 deoxyuridine (BrdU) was obtained from Sigma (St Louis, MO). The following primary antibodies were used for immunohistochemistry: monoclonal antibody against BrdU (0Á25 mg/ml; Roche, Indianapolis, IN); monoclonal antibody against synaptophysin (1 : 40; Clone SY 38; Chemicon, Temecula, CA); doublecortin (DCX) (1 : 50; Santa Cruz Biotechnology, Santa Cruz, CA); and monoclonal antibody against tubulin isotype III (TUJ1) (1 : 400; Babco, Berkeley, CA).
Animal surgical procedures of Intracerebral haemorrhage
Twenty-four male Wistar rats weighing between 270 and 320 g were selected for this study. Briefly, the rat under general anaesthesia was placed in a stereotactic frame (Kopf Instruments, Tujunga, CA). A 1 mm craniectomy was performed and a stereotactically guided needle was placed into the right striatum (3Á5 mm lateral to midline, 0Á5 mm anterior to bregma, depth 5Á5 mm below the surface to midline). Intracerebral haemorrhage lesion was induced by injecting 100 ml of autologous blood, taken from the femoral artery at a steady infusion rate of 10 ml/min with an infusion pump (600-910/ 920, Harvard Apparatus, Holliston, MA) (4).
rhEPO treatments
At 24-h post-ICH, the ICH-induced animals were randomly divided into three experimental groups with each group consisting of eight rats. Group 1 received an intraperitoneal injection of 5000 U/kg/day rhEPO. Group 2 received an intraperitoneal injection of 10 000 U/kg/day rhEPO. Group 3 received the same volume of saline used as a control. All injections of rhEPO were administered 24 h after induction of ICH, and the injections were continued daily for 7 days. In addition, all rats received a daily intraperitoneal injection of 100 mg/kg BrdU starting from day 1 after ICH to day 14. The dosage of rhEPO was selected based on earlier studies of TBI and ischaemic stroke (5, 10) .
Neurological functional studies
Functional outcomes were measured using both the modified neurological severity score (mNSS) (11) (12) (13) and the corner turn testing score (14, 15) , performed by observer blinded to the individual treatment status of the animals. Functional outcomes for each rat were tested at days 1, 7 and 14 after ICH. The mNSS is a composite score in which motor, sensory, balance and reflex measures are used to assess the aspects of neurological function in a grade ranging from 1 to 18. One score point is awarded for the inability to perform the test or for the lack of a tested reflex, with the higher score implying greater neurological injury. The corner turn test is performed by placing the rat in a corner and counting the number of times (as a percentage) it turns right or left before exiting (the normal state is a value of 50%). The number of right turns from 10 trials for each test was recorded and used for statistical analysis [e.g., an injured rat preferentially turns toward the unimpaired ipsilateral (right) side].
At the end of 2 weeks, the animals were anaesthetized and perfused transcardially with PBS, followed by 4% paraformaldehyde in PBS. Brain tissues were excised, further fixed in 4% paraformaldehyde and sliced into seven 2-mm-thick sections. Each block was processed and embedded in paraffin. Four of the adjacent 6-mm-thick sections were cut from each block and stained with haematoxylin and eosin (H and E). The percentage of tissue loss in the ipsilateral compared to the contralateral hemisphere of the brain was measured using an image analysis system as described previously (Data Translation, Marlboro, MA) (4).
Histology and immunohistochemistry
The brain tissue residing between 10Á1 and 0Á86 mm of the bregma on the third block was the most severely injured and therefore the third block was specifically selected for immunostaining. Every 40th coronal section from 10Á1 to 0Á86 mm of the bregma was used for immunohistochemical staining with the same antibody. Sections were blocked in a Trisbuffered saline solution containing 5% normal goat serum, 1% BSA and 0Á05% Tween-20. Sections were then incubated with the primary antibodies for localization of BrdU (1 : 100; a marker for proliferation cells), TUJ1 (1 : 5000; a marker for a microtubule element of the tubulin family found in developing neurons.), DCX (1 : 50; a microtubule-associated protein expressed almost exclusively in immature neurons) (16) and synaptophysin (1 : 1000; a marker for a protein located on synaptic vesicles which contain the neurotransmitters for the labelling of nerve terminals.). After sequential incubation with biotinylated IgG, the sections were treated with an avidinbiotin-peroxidase system (ABC Kit, Vector Laboratories, Burlingame, CA). DAB was then used as a sensitive chromogen for light microscopy. To visualize the cellular colocalization of BrdU and TUJ1, double staining was used. The sections were incubated for 1 h with monoclonal mouse anti-BrdU, followed by 30 min at room temperature in fluorescein isothiocyanate anti-mouse FITC secondary antibodies. After brief washing, the sections were incubated with polyclonal rabbit anti-TUJ1 overnight at 41C and subsequently with anti-rabbit Cy5 for 30 min. All immunostainings were performed at the same time with two negative controls (i.e., the omission of primary antibody and the use of pre-immune serum) for quality control of the immunoassaying procedure.
After staining with BrdU, synaptophysin, TUJ1 and DCX, the series of six slides at various levels from the same block were used for semiquantitative measurements (6) . Quantitative measurements of immunostaining were performed by observer blinded to the individual treatment status of the animals. Regions of interest (ROIs) were defined in the SVZ, at the dorsal end of the lateral ventricle, as a zone with 100 mm width and 800 mm length for counting BrdU1 cells, TUJ11 BrdU1 cells, TUJ1-and DCX-positive signals, in the subcortical striatum for synptophysin staining and with 200 mm width in the peri-haemorrhagic striatum for counting TUJ11BrdU1cells. All slides were digitized under a Â 20 objective lens (Olympus BX40; Olympus Optical Co., Tokyo, Japan) by using a 3D-CCD colour video camera (model DXC-970MD; Sony Corp., Tokyo, Japan) interfaced with the MCID image analysis system (Imaging Research Inc., St Catharine's, ON, Canada). For synaptophysin, TUJ1 and DCX, data are presented as a percentage of the immunopositive areas in each field divided by the total areas in the field. The data for BrdU are shown as the number of positive cells in the SVZ. Cells that immunoreacted both to BrdU and TUJ1 were expressed as per cent of the total BrdU-positive cells in the ROIs.
Statistical analysis
The study was interested in rhEPO dose effect on the 14 days functional recovery (primary), and the neurogenesis (secondary). Data were evaluated for normality. Data transformation was performed if data were not normal. As a result, the behaviour tests were not normal and ranked data were used for the analysis. The global test using generalize estimating equation was implanted to test the dose effect on functional recovery measured from two behaviour tests (corner test and NSS), followed by the pair-wise dose comparisons or treatment effect on individual functional outcome at 0Á05, if the overall dose effect was significant at 0Á05 level. For each neurogenesis variable, anova was used to test the dose effect, followed by the pairwise group comparisons if the overall dose effect was observed at 0Á05 level. Spearman's correlation was used to measure the correlation between the functional recovery and histological estimates of tissue loss and neurogenesis at day 14 adjusting for the treatments and P-value o 0Á05 indicated a significant correlation compared with no correlation at all.
Results
As evaluated by both mNSS and corner turn tests, all ICHinduced rats had similar neurological impairments at day 1 after ICH (Fig. 1 ). After treatment with rhEPO for 7 days, rats in the lower dose group showed statistically significant improvement (Po0Á05), as assessed using corner testing and the mNSS. The higher dose group also demonstrated significantly improved neurological outcome, as indicated by the mNSS data (Po0Á05). The corner turn test showed a trend of improvement for the higher dose group, but with no statistical significance. At day 7 after termination of the rhEPO injection (day 14 after ICH), both groups treated with rhEPO showed significant improvements in neurological function over the control group, assessed by both mNSS and corner turn tests (Fig. 1) .
The data for the percentage of striatal tissue loss on the side of haemorrhage are shown in Fig. 1 . The areas of tissue loss as a percentage of the normal contralateral side are as follows: 5000 U rhEPO, 2271Á5% (Po0Á05) and 10 000 U rhEPO, 2874% and control 3072Á7%. Consequently, the lower dose group showed significantly reduced tissue loss compared with control at 2 weeks after ICH. The higher dose group also showed the same trend, but with no significant difference compared with the control group and the lower dose group. Finally, it is observed that there is a negative correlation between the tissue loss and the neurological functional recovery (Fig. 2) . The percentage of tissue loss is significantly correlated with either mNSS or the corner turn testing score (Po0Á05). To further understand how rhEPO administration promotes neurological recovery, histology and immunohistochemistry were performed. Typical immunostainings for synaptophysin, DCX and TUJ1 in the control group and the lower dose group are presented in Fig. 3 . Statistical analysis indicated that staining for all three neuron markers in both treated groups had been significantly increased, suggesting that rhEPO can enhance synapse and neuronal formation, respectively. Consistent with the neurological functional studies, the lower dose group exhibits, observationally, stronger staining for all three markers than that of the higher dose group. However, we did not observe significant difference for all three markers between the low-and high-dose groups. To determine whether rhEPO can enhance cell proliferation around the injured site, immunostaining for BrdU was also performed (Fig. 4) . Both groups treated with rhEPO demonstrated significantly increased BrdU-positive cells in the SVZ when compared with the ICH rats injected with placebo, suggesting that rhEPO promotes the proliferation of local cells. Further double staining for BrdU and TUJ1 identified a subpopulation of cells co-stained with both BrdU and TUJ1, indicating newly formed immature cells with neural phenotype (Fig. 4) . The per cent of cell expressing BrdU-and TUJ1-positive double immunoreactivity is significantly higher in rhEPO-treated groups than that of the control group in the region of the SVZ and the boundary of haematoma (Table 1) . However, more than 90% of these BrdU-positive cells do not co-label with TUJ1, indicating that only limited newly formed cells represent neurogenesis. 
Original article
Discussion
The present study has demonstrated that treatment with rhEPO promotes neurological recovery in an animal model of ICH, as evidenced by improved neurological functional outcome in both treated groups (low and high dose) and significantly diminished tissue loss in the low-dose group. Immunostaining for BrdU and neuronal markers also illustrated significantly more newly generated cells expressing immature neuronal markers in the perilesional region of all rhEPO-treated rats.
Recombinant human erythropoietin has been shown to improve a number of neurological conditions, including ischaemic stroke, spinal cord injury, TBI and neonatal brain injury (5, 10, 17, 18) . Several potential mechanisms may be relevant to the neuroprotective and neurorestorative effects of rhEPO. Antiapoptotic, anti-inflammatory, antioxidative, angiogenetic and neurotrophic effects reduce the ischaemic infarct, the loss of cells and tissues, and promote cell survival in these animal models.
Currently, few studies have focused specifically on the effect of rhEPO on ICH. Erythropoietin treatment in the collagenase blood-injected ICH animal model showed reduced TUNEL staining in the perihaematoma region, suggesting EPO enhances neuronal tolerance to insults sustaining neurons from both physical damage and the subsequent toxic blood breakdown products of the haematoma (19) . In the same study, perihaematomal inflammation was also shown to be reduced by exogenous EPO, which may subsequently contribute to neuroprotection (19) . However, to our knowledge, no study has focused on observing the neurorestorative effect of rhEPO treatment after ICH. Our study measures the neurogenic parameters, showing that rhEPO may improve neurological functional outcome through neurogenesis.
The immunochemical stainings presented in this study are consistent with improved functional neuronal survival and neurogenesis. Increases in immature cells and neuroblasts, detected by immunostainings for BrdU and DCX, respectively, indicate that many more newly generated cells exist in the SVZ. The SVZ is an important source for neurogenesis after injury in rodent adult brain. Accordingly, it has been reported that rhEPO improved the neural precursor cells migration towards ischaemic boundary from the SVZ after ischaemic stroke (20) . Significantly increased staining for TUJ1 and a subpopulation of cells co-stained for TUJ1 and BrdU suggest that more cells with immature neural phenotype are induced by the exogenous EPO, supporting the neurotrophic effect. Enhanced expression of synaptophysin in the striatum of the treatment group, suggests that EPO may improve the formation of the the new nerve terminals or protect the terminals from degeneration.
The present study shows that the neurological function is correlated with the tissue loss. In addition, rhEPO significantly improves neurological functional recovery and reduces the tissue loss. These data imply that the increase of newly formed neurons or reduction of neuron loss around the haematoma contributes to the neurological recovery. Although a dosage of 500 U/kg/day rhEPO had been used in the collagenase ICH model (19) to achieve a neuroprotective effect, higher doses of rhEPO (2500-5000 U/kg/day) have been administered in animal models of brain injury than those traditionally used to clinically correct for anaemia (o500 U/kg/day) (21) . In the current study, intraperitoneal injection of 5000 U/kg/day rhEPO induced significant neurogenesis and synpatogenesis in rats after ICH. It is interesting to note that when injecting 10 000 U/kgBW/day rhEPO after ICH, the indicators of neurological outcome are no better than those of the lower-dose rhEPO group. The histological markers of neurorestorative effect may be more sensitive for recovery than tissue loss and functional scores at 7 days, because the latter two measures showed a trend but no statistical improvement with high-dose rhEPO. It is likely that high-dose rhEPO is less effective than lowdose rhEPO in this experiment. Treatment with rhEPO at a higher dose may cause adverse effects (e.g., hyperviscosity, hypertension and vascular thrombosis) and the endo thelial cell receptors may have reached saturation, counteracting the neuroprotective and neurorestorative effects (18, 22) .
The complications of the haematopoietic effect have precluded the use of rhEPO in the clinical treatment of chronic neurogenerative diseases (23, 24) . The erythropoietic and tissue-protective properties of EPO have been found recently to be conferred via two distinct receptor systems (24, 25) . Carbamylated EPO can selectively target the nonerythropoietic receptor and may achieve therapeutic potential, while avoiding the polycythemic effects (25) . The use of carbamylated EPO has been recently reported to provide benefit after TBI in rats, and application to the ICH experimental model is indicated (25) .
Several limitations in the presented study should be considered. First, the nature of biological variation in disease development in individual animals and the limited numbers of animals used makes temporal comparison sub-optimal. While the sacrifice of rats at designated time points (14 days after ICH) was performed to ensure histochemical evaluation, this limited the study of pathophysiological events preceding a given outcome. Furthermore, the results of histochemistry do not yet demonstrate the hypothesis that newly formed cells migrate and integrate into the injured area. Further studies should be performed involving the time course study and the fate of newly formed cells.
Conclusion
Exogenous rhEPO treatment improves neurological outcome in an animal model of ICH. The improved outcome is associated with the increased immunohistochemical staining parameters for neuronal markers. These results suggest that rhEPO contributes to functional recovery after ICH by promoting neurogenesis and synaptogenesis.
